Bicycle ring closure on a mixture of (4aS,8aR)-and (4aR,8aS)-ethyl 2-oxodecahydro-1,6-naphthyridine-6-carboxylate, followed by conversion of the separated cis and trans isomers to the corresponding thioamide derivatives, gave (4aSR,8aRS)-ethyl 2-sulfanylidenedecahydro-1,6-naphthyridine-6-carboxylate, C11H18N2O2S. Structural analysis of this thioamide revealed a structure with two crystallographically independent conformers per asymmetric unit (Z′ = 2). The reciprocal bicycle ring closure on (3aRS,7aRS)-ethyl 2-oxooctahydro-1H-pyrrolo[3,2-c]pyridine-5-carboxylate, C10H16N2O3, was also accomplished in good overall yield. Here the five-membered ring is disordered over two positions, so that both enantiomers are represented in the asymmetric unit. The compounds act as key intermediates towards the synthesis of potential new polycyclic medicinal chemical structures.
Introduction
The bicyclic lactams (1-1), (1-2), (2-1) and (2-2) (see Scheme 1 ) represent both interesting chemical scaffolds and important synthetic precursors to novel polycyclic scaffolds for application in medicinal chemistry drug discovery programmes.
The resulting polycyclic compounds derived from these bicyclic scaffolds could be used in the design of molecules to modulate various biological targets and therefore represent a new class of privileged structures (Welsch et al., 2010 ; DeSimone et al., 2004 ) for targeting, for example, G protein-coupled receptors (GPCRs). GPCRs are 7-transmembrane receptors whose function is to regulate multiple disease states and represent one of the major target families for currently prescribed drugs in the clinic (Filmore, 2004 ) . Continued efforts to discover new compounds that modulate these important biological targets therefore remain of great importance to the biopharmaceutical industry.
The chemical scaffolds (1-1), (1-2), (2-1) and (2-2) themselves appear underrepresented in the medicinal chemical literature and therefore warrant further investigation. It had been reported that compound (3) (Scheme 2 ) targets the bradykinin receptor (Hu et al., 2005 ) , which is a member of the GPCR family and has a key role as a pro-inflammatory mediator (Hall, 1997 ;  which therefore necessitated the synthesis, separation and full characterization of the resulting diastereoisomers obtained from our synthetic sequence. So far no robust synthetic procedure has been reported for the interesting bicyclic 6,6-lactam scaffolds (1-1) and (1-2) (see Scheme 1 ). However, the 6,5-system, e.g. compounds (2-1) and (2-2) (see Scheme 1 ), was recently reported in the literature (Martini et al., 2011 ) . Unfortunately, in our hands, we were unable to repeat the published synthetic procedure and so we needed to further investigate both the synthesis and structural assignment of these key bicyclic intermediates. Upon completion of our robust and high-yielding synthetic sequence to both the 6,5-and 6,6-bicyclic ring systems, we were unable to assign the relative stereochemistries of the separated cis and trans isomers by NMR spectroscopic analysis due to the complexity of the overlapping proton signals and therefore we required final structural confirmation through X-ray crystallographic analysis.
Experimental
We embarked on a racemic synthesis of compounds (1) [isomers (1-1) and (1-2)] and (2) [isomers (2-1) and (2-2)] (see Scheme 1 ). In our synthetic strategy, no enantioselective conditions were used to synthesize the bicyclic ring systems. As a consequence, each of the resulting separated diastereoisomers exists as a pair of enantiomers, which are for simplicity drawn as one single stereoisomer. Our initial attempts to obtain crystals of sufficient quality for Xray crystallographic analysis from the separated amide compounds (1-1) or (1-2) were unprofitable. However, from isomer (1-1), it was subsequently discovered that the corresponding thiolactam (8-1) (see Scheme 3 ) was highly crystalline and delivered crystals of sufficient quality for X-ray crystallographic structure determination.
Synthesis and crystallization of thiolactam (8-1) (see Scheme 3 )
The synthesis started from the known ethyl ester ethyl 3-(3-ethoxy-3-oxopropyl)-4-oxopiperidine-1-carboxylate, (6) (Borne et al., 1984 ) , which was converted into the methoxime derivative ethyl 3-(3-ethoxy-3-oxopropyl)-4-(methoxyimino)piperidine-1-carboxylate, (7), using O-methylhydroxylamine hydrochloride in pyridine to yield a 1:1.5 mixture of diastereomers (see Scheme 3 ). Subsequent conversion to the bicyclic lactams ethyl (4aSR,8aRS)-2-oxodecahydro-1,6-naphthyridine-6-carboxylate, (1-1), and ethyl (4aSR,8aSR)-2-oxodecahydro-1,6-naphthyridine-6- ).
Ethyl 3-(3-ethoxy-3-oxopropyl)-4-(methoxyimino)piperidine-1-carboxylate, (7)
To a solution of ketone (6) (3.0 g, 11.0 mmol, 1.0 equivalent) in pyridine (21 ml) was added Omethylhydroxylamine hydrochloride (1.11 g, 13.3 mmol, 1.2 equivalents) and the reaction was stirred at room temperature under a nitrogen atmosphere overnight. The reaction mixture was evaporated and diluted with diethyl ether (150 ml) and water (150 ml). The organic phase was washed with hydrochloric acid (1 M, 60 ml) and brine (150 ml). The combined organic phases were dried over MgSO4, filtered and the solvent was evaporated under reduced pressure to yield ethyl 3- 173.0, 157.1, 155.7, 61.7, 61.5, 61.3, 60.5, 48.4, 44.3, 42.7, 40.6, 31.9, 24.9, 24.8, 14.7, 14.3 To a stirred solution of (7a)/(7b) (200 mg, 0.66 mmol, 1 equivalent) in methanolic NH3 (7 N, 5 ml) was added Raney nickel (50 mg, 50% slurry in water) and the resulting mixture was stirred under a hydrogen atmosphere overnight. The reaction mixture was filtered through Celite and the filter cake was washed with methanol (3 × 10 ml). 155.4, 61.7, 56.4, 47.3, 42.3, 38.9, 32.2, 30.9, 24.5, 14.7 6, 155.6, 61.7, 50.6, 44.7, 40.5, 32.7, 30.5, 28.9, 22.0, 14.9 waxy oil (yield 80 mg, 94%). The resulting oil was dissolved in a mixture of ethyl acetate and diethyl ether and the solvent was allowed to evaporate slowly. After evaporation of half of the solvent, diisopropyl ether was added and the solvent was allowed to evaporate slowly to afford clear colourless crystals, which were used for X-ray structural determination that allowed us an unambiguous assignment of the regiochemistry of the separated isomers ( Fig. 1 ).
Figure 1
The molecular structures of the two rotamers of (4aSR,8aRS)-(8-1). Displacement ellipsoids are drawn at the 50% probability level. 
Synthesis and crystallization of bicyclic lactam (2-1) (see Scheme 4 )
Commercial ethyl 4-oxopiperidine-1-carboxylate, (9), was converted into the tert-butyl ester ethyl 3-(2-tert-butoxy-2-oxyethyl)-4-oxopiperidine-1-carboxylate, (10), using LDA and tert-butyl bromoacetate. The tert-butyl ester (10) was converted to the substituted benzylamine ethyl 4-benzylamino-3-(2-tert-butoxy-2-oxoethyl)piperidine-1-carboxylate, (11), via a reductive amination reaction using benzylamine and sodium triacetoxyborohydride in dichloroethane. Compound (11) was transesterified with 0.6 M HCl in methanol to yield the ester ethyl 4-benzylamino-3-(2-methoxy-2-oxoethyl)piperidine-1-carboxylate, (12), which was catalytically deprotected (Pd/C in MeOH under an atmosphere of hydrogen). The final ring closure to the key bicyclic lactams ethyl 2-oxooctahydro-1H-pyrrolo[3,2-c]pyridine-5-carboxylate, viz. (2-1) and (2-2), was carried out with potassium carbonate in methanol (see Scheme 4 ). Unlike the 6,6-membered-ring compound
(1), the 6,5-membered-ring compound (2) did not need further elaboration to the thioamide to obtain high-quality crystals.
Ethyl 3-(2-tert-butoxy-2-oxyethyl)-4-oxopiperidine-1-carboxylate, (10)
To a solution of diisopropylamine (5.6 g, 7.8 ml, 55.6 mmol, 1.9 equivalents) in tetrahydrofuran (THF; 175 ml) at 273 K was added n-BuLi (18.5 ml, 2.5 M in hexane, 46.2 mmol, 1.6 equivalents) and the mixture was stirred for 30 min. The mixture was cooled to 195 K and ethyl 4-oxopiperidine-1-carboxylate, (16) (5.0 g, 4.4 ml, 29.2 mmol, 1 equivalent), was added and the mixture was stirred for an additional 30 min at 195 K. A solution of tert-butyl bromoacetate (9.2 g, 7.0 ml, 47.2 mmol, 1.62 equivalents) in THF (17.5 ml) and hexamethylphosphoramide (HMPT; 2.9 ml) was added and the yellow reaction mixture was warmed gradually to room temperature overnight. The mixture was quenched with saturated aqueous NH4Cl (200 ml), the phases were separated and the aqueous phase was extracted with ethyl acetate (3 × 200 ml). The combined organic layers were dried over MgSO4, filtered and the solvent was evaporated under reduced pressure. The crude product was purified by flash chromatography (petroleum ether/ethyl acetate, (10) 170.6, 155.2, 80.9, 61.9, 47.9, 46.5, 43.6, 40.7, 32.7, 28 .0, 14.6.
Ethyl 4-benzylamino-3-(2-tert-butoxy-2-oxoethyl)piperidine-1-carboxylate, (11)
To a solution of tert-butyl ester (10) 
Ethyl 2-oxooctahydro-1H-pyrrolo[3,2-c]pyridine-5-carboxylate, (2-1) and (2-2)
To a solution of (11) (1.70 g, 4.52 mmol, 1.0 equivalents) in MeOH (50 ml) was added hydrochloric acid (0.6 M, 4 ml) and the reaction mixture was stirred for 4 d. A further aliquot of hydrochloric acid (concentrated, 1 ml) was added and the mixture was stirred for a further 2 d. The reaction mixture was evaporated under reduced pressure and subsequently diluted with MeOH (30 ml) and dilute hydrochloric acid (0.5 M, 2 ml). The reaction was stirred for 48 h at room temperature. After evaporation, the crude product was obtained as the hydrochloride salt and was used without further purification. To a solution of the hydrochloride salt (550 mg, 1.49 mmol, 1 equivalent) in MeOH (15 ml) was added Pd/C (10% w/w, 100 mg) and the reaction mixture was stirred at room temperature overnight under an atmosphere of hydrogen. The reaction mixture was filtered through Celite, the filter cake was washed with MeOH (3 × 10 ml) and the filtrate was evaporated to give (11) which was used without further purification. To a solution of the crude product 1-ethoxycarbonyl-3-(2-methoxy-2-oxoethyl)piperidin-4-aminium chloride in MeOH (6 ml) was added anhydrous K2CO3 (200 mg) and the reaction mixture was stirred overnight at room temperature.
The reaction mixture was quenched with water (30 ml) and the aqueous phase was extracted with ethyl acetate (3 × 30 ml). The combined organic layers were dried over MgSO4, filtered and the solvent was evaporated under reduced pressure. The crude product was purified by flash chromatography (ethyl acetate/petroleum ether/methanol, 10:1:1 v/v/v) to yield ethyl 2-oxooctahydro-1H-pyrrolo[3,2-c]pyridine-5-carboxylate which was separated by flash column chromatography to afford two isomers, viz. (2-1) (yield 168 mg, 16%) and (2-2) (yield 286 mg, 28%) (combined yield 454 mg, 45%), that slowly crystallized on standing. Crystals suitable for the X-ray crystallographic analysis were grown by slow evaporation of an ethyl acetate solution and it was found that isomer (2-1) afforded crystals of sufficient quality to allow the unambiguous assignment of the regiochemistry (Fig. 2 ) .
Figure 2
An overlay of the two rotamers of isomer (2-1) in the asymmetric unit, showing the major (solid bonds) and minor (dashed bonds) disorder components. Displacement ellipsoids are drawn at the 50% probability level. 
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . Upon initial refinement of the structure of (2-1), it became obvious that the five-membered ring was disordered over two possible positions and that both enantiomers were present in the asymmetric unit. The reflection data and raw frames were examined and no signs of larger cells or twinning could be found. Structure solution was also attempted in the space groups P21 and Pn; in both cases, the disorder was still present. The structure was further examined for twinning with the PLATON (Spek, 2009 ) routine TWINROTMATR; again, no signs of twinning were found.
During refinement, the occupancies of the two disorder components were refined competitively, converging at a ratio of 0.533 (3):0.467 (3). Although no geometric restraints were applied to the C, N and O atoms, it was necessary to restrain the N-H distances of (2-1) to 0.88 (2) Å, and also to restrain the C⋯H distances of this amine H atom to be approximately equal. The positions of the H atoms bound to atom C6 in (2-1) and to atoms N1A and N1B in (8-1) were refined, but all other H atoms of both (2-1) and (8-1) were placed in idealized positions and refined in riding modes, with C-H distances of 0.98, 0.99 and 1.00 Å for CH3, CH2 and CH groups, respectively. Uiso (H) values were set at 1.5Ueq(C) for CH3groups and at 1.2Ueq(C,N) for all other H atoms. (Dolomanov et al., 2009 ).
Results and discussion
The X-ray crystal structures of the separated isomers of lactam (2-1) and thiolactam (8-1) were required to confirm the relative stereochemistries of the two separated cis and trans isomers as the 1 H NMR spectra could not categorically assign the relative stereochemistries of the synthesized and separated bicyclic ring systems.
In the case of compound (1-1), it was discovered that obtained thiolactam (8-1) proved highly crystalline and formed crystals of sufficient quality for X-ray crystallographic analysis. The synthesis of thioamide (8-1) was achieved from ethyl 3-(3-ethoxy-3-oxopropyl)-4-oxopiperidine-1-carboxylate, (6), following a literature procedure (Shah et al., 2005 ), which was converted in a three-step synthesis (68% yield) to thiolactam (8-1) (see Scheme 3 ). H NMR spectra for the lactams displayed a clear difference for the ring-junction H atoms in both isomers (1-1) and (1-2) (Fig. 3 ) . However, analysis of the 1 H NMR spectrum proved inconclusive as the spectrum clearly showed that only one coupling constant for the proton HA of the isomer could be fully determined with 3 JHH = 9.8 Hz.
Figure 3
1 H NMR data for compound (1), showing isomer (1-2) in the upper spectrum and isomer (1-1) in the lower spectrum.
Thiolactam (8) showed two molecules in the asymmetric unit related by a noncrystallographic axis of rotation, although they have different conformations of the carbamate chain (Fig. 4 ) . The overall packing of the crystal appears to be driven by the interaction of the carbamate and the lactam groups ( Fig. 5 and Table 2 ). 
Figure 4
An overlay of the two molecules of isomer (8-1) in the asymmetric unit, showing the different conformations of the carbamate chain. Displacement ellipsoids are drawn at the 50% probability level.
Figure 5
The packing of isomer (8-1) in the ac plane. The one-dimensional hydrogen-bonded chains extend along the a axis.
The crystal structure showed typical C-S bond lengths of 1.679 (2) For isomers (2-1) and (2-2), another synthetic route had to be established as stable tert-butyl ester (10) gave no direct conversion to bicyclic lactam (2-1) or (2-2). Ethyl 3-(2-tert-butoxy-2-oxoethyl)-4-oxopiperidine-1-carboxylate, (9), was synthesized following the literature procedure for the BOC-protected compound (Hubschwerlen et al., 2008 ) . The starting material was converted via a four-step synthesis into the desired isomers of the bicyclic lactam in an overall yield of 21%. It was found that diastereomeric lactams (2-1) and (2-2) could be separated easily by flash chromatography.
Once more the 1 H NMR spectra for separated lactams (2-1) and (2-2) showed clear differences (Fig. 6 ). In this case, the coupling constant for HA was 3 JHH = 10.1 Hz, which was the only measurable coupling constant due to extensive overlap of the other NMR signals (Fig. 6 ) .
Figure 6
1 H NMR data for compound (2), showing isomer (2-1) in the upper spectrum and isomer (2-2) in the lower spectrum.
Compound (2-1) was recrystallized slowly from ethyl acetate to afford crystals of sufficient quality for structure determination. The compound was found to crystallize in the centrosymmetric space group P21/n, with one molecule in the asymmetric unit.
Interestingly, the five-membered ring is disordered over two possible positions, so both enantiomers are represented in the asymmetric unit due to the piperidine ring flip. In this case, the overall packing of the crystal appears to be driven by the interactions of both the carbamate and the lactam functional groups. The molecules form hydrogen-bonded dimers (Table 3 ) , which pack in a classic herringbone fashion (Fig. 7 ) . The piperidine ring in the crystal has a chair-like conformation and the C8-O15/C8A-O15A bond lengths [1.234 (5) 
Figure 7
The herringbone packing of isomer (2-1) in the bc plane. In conclusion, we have unambiguously determined the stereochemical outcome for the separated disatereomers of the molecular scaffolds (8-1)/(8-2) and (2-1)/(2-2) using X-ray crystallography.
The crystal structure analyses showed clearly the relative configuration of the bicyclic ring systems, resulting in a synclinal orientation for the 6,6-bicyclic ring system and an antiperiplanar configuration for the 6,5-ring system. The 
